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Abstract 

We clarify certain aspects and discuss extensions of the recently introduced 
string D-instanton calculus (hep-th/0609191 ). The one-loop determinants 
are related to one-loop open string threshold corrections in intersecting D6- 
brane models. Utilising a non-renormalisation theorem for the holomorphic 
Wilsonian gauge kinetic functions, we derive a number of constraints for 
the moduli dependence of the matter field Kahler potentials of intersecting 
D6-brane models on the torus. Moreover, we compute string one-loop 
corrections to the Fayet-Iliopoulos terms on the D6-branes finding that 
they are proportional to the gauge threshold corrections. Employing these 
results, we discuss the issue of holomorphy for E2-instanton corrections to 
the superpotential. Eventually, we discuss E2-instanton corrections to the 
gauge kinetic functions and the Fl-terms. 
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1 Introduction 

Type llA orientifolds with intersecting D6-branes and their mirror symmetric 
Type IIB counterparts have proven to provide a phenomenologically interesting 
class of string compactifications and have been under intense investigation during 
the last couple of years [H El [3], H] . 

In order to make contact with experiment one needs not only the means to 
determine the gauge group and chiral matter content of such a string model, but 
also has to develop tools for the computation of the low energy effective action. 
It is in this latter low energy description where important issues like moduli 
stabilisation and supersymmetry breaking are discussed. 

In this paper we would like to clarify certain important aspects of this effective 
action, which to our knowledge have so far not been spelled out in the literature. 
The first issue concerns the properties of the gauge couplings in A/" = 1 supersym- 
metric D6-brane vacua. The physical one-loop open string threshold corrections 
to the gauge couplings have been computed in [5], [6] for toroidal backgrounds. 
Here we first state a non-renormalisation theorem for the holomorphic gauge ki- 
netic function at the one-loop level and then explicitly show that it is indeed 
satisfied for the Wilsonian gauge couplings in toroidal Type llA orientifolds. 

We revisit perturbative one-loop corrections to the Fayet-lliopoulos (Fl) terms 
for intersecting D6-branes. In [7] it was shown that, if the D6-branes are su- 
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persymmetric at tree-level, in a globally consistent model no such corrections 
are generated at one-loop. We ask the question whether a small non- vanishing 
Fl-term on a D6b-brane can induce an Fl-term on a D6a-brane which is super- 
symmetric at tree-level. We find the intriguing result that the one-loop induced 
Fl-term on brane D6a can be expressed by the gauge threshold corrections. 

Moving back to gauge couplings, the extraction of the Wilsonian part involves 
an interesting interplay between the non-holomorphic gauge couplings and the 
Kahler potentials for all the matter fields involved, providing strong constraints 
on the complete moduli dependence of the matter field Kahler potentials. As we 
will see, in order to cancel all a-model anomalies in the effective action, a one- 
loop redefinition of the dilaton S'-field as well as of the complex structure moduli 
U is needed. The hereby induced corrections to the gauge coupling constants will 
be referred to as "universal" threshold corrections (in analogy with the heterotic 
string). This is in contrast to perturbative heterotic string compactifications, 
where only the dilaton acquires a universal one-loop field redefinition [H [9l [T0| 

Having revisited and discussed the perturbative one-loop corrections, in the 
second part of the paper we undertake some first steps towards a better un- 
derstanding of possible D-instanton effects. Such effects are very important for 
an understanding of the vacuum structure (these days called the landscape) of 
string compactifications and it has been pointed out recently that they can also 
generate phenomeno logically appealing terms like Majorana masses for neutrinos 
[m [El [HI [HI [HI [ini [20]. Moreover, they are also important for the string the- 
ory description of gauge instanton effects [211 [221 [211 [211 [22] (see [26] for a recent 
general review on instantons). 

String instantons are given by wrapped string world-sheets as well as by wrap- 
ped Euclidean D-branes and, like in field theory, their contributions to the space- 
time superpotential are quite restricted. These contributions can be computed in 
a semi-classical approach, i.e. one involving only the tree-level instanton action 
and a one-loop determinant for the fiuctuations around the instanton [27]. For 
type IIA orientifold models on Calabi-Yau spaces with intersecting D6-branes 
(and their T-dual cousins) the contribution of wrapped Euclidean D2-branes, 
hereafter called E2-branes, to the superpotential has been determined in [ll] (see 
also [l5]). Since both the D6-branes and the E2- instantons are described by open 
string theories, it was shown that (in the spirit of the D(— 1) instantons treated 
e.g. in [281 [221 [21]) the entire instanton computation boils down to the evaluation 
of disc and one-loop string diagrams with boundary (changing) operators inserted. 
Here both the D6-branes and the E2-instantons wrap compact three-cycles of the 
Calabi-Yau manifold. 

Intriguingly, the one-loop contributions in the instanton amplitude [T^ have 
been shown to be identical to string threshold corrections for the gauge couplings 
of the corresponding D6-branes [T71 123]. This relates the computation of such 
instanton amplitudes to the discussion in the first half of this paper. So far it has 
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not been explained explicitly in which sense the computed instantonic correlation 
functions are meant to be holomorphic. With the results from the first part of 
this paper, we clarify this point. 

Finally, we show that E2-instantons not only contribute to the superpotential 
but, from the zero mode counting, can also contribute to the holomorphic gauge 
kinetic functions for the SU{N) gauge groups localised on the D6-branes. In 
order for such corrections to arise, the E2-instanton must not be rigid but must 
admit one extra pair of fermionic zero modes arising from a deformation of the 
instanton. This is the space-time instanton generalisation of a fact known from 
topological string theory, namely that world-sheet instantons induce tr(W^^)'^~^ 
couplings if they have h boundaries. We will see that such couplings can also arise 
from space-time E2-instantons. Finally, we find that the zero mode counting also 
allows E2-instanton corrections to the Fl-terms on the D6-branes. Similar to the 
one-loop corrections, these can arise once the supersymmetry on the E2-brane 
is softly broken by for instance turning on the Cs-form modulus through the 
world- volume of E2. 



2 A non-renormalisation theorem 

Let us investigate the structure of perturbative and non-perturbative corrections 
to the holomorphic gauge kinetic functions for Type II oricntifolds. We discuss 
this for Type IIA orientifolds, but this is of course related via mirror symmetry 
to the corresponding Type IIB orientifolds. 

Consider a Type IIA orientifold with 06-planes and intersecting D6-branes 
preserving J\f — 1 supersymmetry in four dimensions, i.e. the D6-branes wrap 
special Lagrangian (sLag) three-cycles 11^ of the underlying Calabi-Yau manifold 
X, all preserving the same supersymmetry. On the threefold we introduce in the 
usual way a symplectic basis {Ai,B^), I = 0, 1, . . . , /i2,i of homological three- 
cycles with the topological intersection numbers 

AioB-^^Sj. (2.1) 

Moreover, we assume that the Ai cycles are invariant under the orientifold pro- 
jection and that the cycles are projected out. The complexified complex 
structure moduli on such an orientifold are defined as 



(27r) £3 



Ai JAi 



(2.2) 



where Jls denotes the normalised holomorphic three-form on X and the four- 
dimensional dilaton is defined by 04 = 0io — |ln(V^/£^). Expanding a three 
cycle Ha into the symplectic basis, 

Yla^MiAi + N,jB\ (2.3) 
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with M^, Nj e Z, from dimensional reduction of the Dirac-Born-Infeld (DBI) 
action one can deduce the SU (A/'a) gauge kinetic functions at string tree-level 

h2,i 

/a = E < (2-4) 

Since the imaginary parts of the Uf are axionic fields, they enjoy a Peccei-Quinn 
shift symmetry Uf —>■ Uf + cj which is preserved perturbatively and only broken 
by E2-brane instantons. 

Let Ci denote a basis of anti-invariant 2-cycles, i.e. Cj e H^!^. The complex- 
ified Kahler moduli are then defined as 




where B2 denotes the NS-NS two-form of the Type IIA superstring. Therefore, 
also the complexified Kahler moduli enjoy a Peccei-Quinn shift symmetry, broken 
by world-sheet instantons. Note, that the chiral fields organise the cr-model 
perturbation theory and do not contain the dilaton, so that the string pertur- 
bativc theory is entirely defined by powers of the Uf. Moreover, to shorten the 
notation we denote by Uf and the complexified moduh and by Uj and Tj only 
the real parts. 

The superpotential W and the gauge kinetic function / in the four-dimensional 
effective supcrgravity action are holomorphic quantities. In the usual way, em- 
ploying holomorphy and the Peccei-Quinn symmetries above, one arrives at the 
following two non-renormalisation theorems. 

The superpotential can only have the following dependence on Uf and 

W = PFt^ee + (e-^^ e-'^^) , (2.6) 

i.e. beyond tree-level there can only be non-perturbative contributions from 
world-sheet and E2-brane instantons. Similarly, the holomorphic gauge kinetic 
function must look like 

I 

i.e. in particular its one-loop correction must not depend on the complex structure 
moduli. Finally, we consider the Fayet-Iliopoulos terms for the U{l)a gauge 
fields on the D6-branes. At string tree-level and for small deviations from the 
supersymmetry locus, these are given by 

^a^e-'f' [ '^{n^) = e-'l'' Ni [ (2.8) 

JUa JBi 
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and therefore only depend on the complex structure moduli. At this classical 
level there are no a' corrections. It is an important question about brane stability 
whether these Fl-terms receive perturbative or non-perturbative corrections in g^. 
Again, non-renormalisation theorems say that in the Wilsonian sense one expects 
perturbative corrections at most at one-loop. 

In the following, we will be concerned with the terms beyond tree-level appear- 
ing in (12.61) . (12. 7p and for the Fl-terms. First, we discuss the one-loop threshold 
corrections /^^'°°''(e~"^»'), which also make their appearance in the space-time 
instanton generated superpotential W^'^ [e''^' , e~'^i) . Second, we will revisit the 
computation of stringy one-loop corrections to the Fl-terms. Finally, we will 
discuss f^^[e~^'',e~'^^) as well as instanton corrections to the Fl-terms. 

3 One-loop thresholds for intersecting D6-branes 
on 

The purpose of this section is to recall the one-loop results for the gauge thresh- 
old corrections in intersecting D6-brane models [HI [30l Ej. The gauge coupling 
constants of the various gauge group factors Ga in such a model, up to one loop, 
have the form 



where ba is the beta function coefficient. The first term corresponds to the gauge 
coupling constant at the string scale, which contains the tree-level gauge coupling 
as well as the "universal" contributions at one-loop (see section 5.2). These 
contributions are universal in the sense that they originate from a redefinition of 
the dilaton and complex structure moduli at one-loop. The redefinition is brane 
stack and therefore gauge group independent . However, as the gauge couplings 
differ for the various gauge groups already at tree level, this correction effectively 
is gauge group dependent. The second term gives the usual one- loop running of 
the coupling constants, and the third term denotes the one-loop string threshold 
corrections originating from integrating out massive string excitations. The last 
two terms can be computed as a sum of all annulus and Mobius diagrams with 
one boundary on brane a in the presence of a background magnetic field in the 
four-dimensional space-time: 



6, In ^ +A„ = ^T^(D6„D6,) + 5^r^(D6„D66 

\ ^^ / b b' 

+ T^(D6„D6,0+T'^(D6„O6). 



(3.2) 



Here, D6c' denotes the orientifold image of brane c. In an orbifold one also has 
to take into account the orbifold images of the branes and orientifold planes. 
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The relevant amplitudes for the Z2 x Z2 orbifold have been computed [HIE]. In 
a sector preserving TV = 1 supersymmetry (this means in particular J2i ^ib — 0) 
the annulus and Mobius amplitudes are (after subtracting terms which upon 
summing over all diagrams vanish due to the tadpole cancellation condition) [6] 



T^(D6„,D6b 



labNb 



^^\ni-\oL\) 



1=1 



^sign(0 (In 2 -7) 



1=1 



(3.3) 



T^-'(D6„,06k) =±/a: 



06fc 



2 



mn 



r(2|C6J) 



sign(ei;06,,) 



+ J]sign(0^^O6j(7-31n2) 



1=1 



(3.4) 



where lab is the intersection number of branes a and 6, Nb is the number of 
branes on stack b and vr^^^ is the intersection angle of branes a and 6 on the J'th 
torus. Similarly, Ia-o6k denotes the intersection number of brane a and orientifold 
plane k and vr^^.Qg^ their intersection angle. The formula for T^^ is only valid for 
< 1/2, the formulas for other cases look similar [B]. 
In a sector preserving M = 2 supersymmetry one finds [S] 



T\ma,mb) 



miiab\ 



M2 



In^ -ln|r^(^T/ 



ln(T, Vn +-^E- ln(47r) 



(3.5) 

where / denotes the torus on which the branes lie on top of each other, Tj its 
Kahler modulus and Tf its complexification with T/ = 9ft(T/). Furthermore, 

ni 



+ iuimj /uj, with uj the complex structure modulus of the torus and 
the wrapping numbers on the J'th torus. Note that the moduli dependence 
of the one-loop threshold function in the M = 2 sectors is in complete agreement 
with the non-renormalisation theorems of section two (see eq. (12.71) ). since the 
holomorphic part of A^^^ is proportional only to In 77(2 Tf). 

For the M = 1 sectors, the one-loop thresholds in a given open string D6-brane 



sector have the following form (specialising to the case O]^^ > 



Olb < 0): 



A„ 



ba 



167r2 



In 



r( 



q2 ^ 
'ab, 



abJ 



ri 



Olb] 



ri 



n2 ^ 
^ab, 



^ab) 



(3.6) 



This expression is a non-holomorphic function of the complex structure moduli 
Uf. Hence, for the J\f = 1 sectors, the holomorphic one-loop gauge kinetic func- 
tion fa~^°"^ (^~^0 vanishes. The emergence of the non-holomorphic terms in the 
one-loop threshold corrections will be further discussed in section 5. 
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4 Fayet-Iliopoulos terms 



In this section we investigate one-loop corrections to the Fl-terms for a U{l)a 
gauge field on the D6a-brane induced by the presence of other branes DG;,. Such 
corrections for Type I string vacua have already been studied in [3ll [32] and the 
case of intersecting D6-branes has been discussed in [7j. Here we are following 
essentially the computational technique of [7]. The crucial observation is that 
the vertex operator for the auxiliary D-field in the (O)-ghost picture is simply 
given by the internal world-sheet U{1) current, i.e. vj^^ = Ju{i)- Therefore, the 

one-point function of V^^ on the annulus with boundaries a and h can be written 
as 

{VD.) = -l^d, dt Zabiiy,tt)\u=o, (4.1) 



27r 

where Zahiy-, it) denotes the annulus partition function, with insertion of exp(27ri Jq) 
in the open string sector (ab), where Jq is the zero mode of the U{1) current. In 
the case of intersecting D6-branes on a torus preserving A/" = 1 supersymmetry 
and after application of the Riemann theta-identities, this partition function is 
given by 

Z.,{.,rt) - h,N, ^3(,,) n,^i(z|Mt) • ^ ^ 

Using that dxi^.it) = and ^[{h',it)\i,=Q = —2-nrf, one obtains the divergence 

r°° dt 

{Vn.)^IabN, -, (4.3) 

which is cancelled by tadpole cancellation in a global model. Therefore, once 
the D6-branes are supersymmetric at tree-level, no Fl-term is generated at one- 
loop level and the system is not destabilised. This result is consistent with the 
computations in [311 [32] . 

However, this is not the end of the story of the one-loop corrections to FI- 
terms in intersecting D6-brane models. One can also envision that a tree-level 
Fl-term on a brane D6fe induces via a one-loop diagram an Fl-term on a brane 
D6a. To proceed we assume that 0^ ^ 9l + 2e^ with ^ = e and compute 

i f°° 

{VD.)e' = d,d,l dt Zab{t\ V, 2t)|,=o,.^=o (4-4) 

with 

y ui „ _ r /V ^1 (f + ^> n, ^1 (- f + ^^^^^^t + ^%t, ^t) 

Z^,ie , ^t) - N, ,,3(,,) n,^,(.6^t + 4Mt) ■ 
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The derivative with respect to the supersymmetry breaking parameters brings 
down one factor of t and it turns out that the result is the same for all d^^i : 

This is the same expression as the one-loop threshold corrections T^(D6a, D6{,), 
so that at linear order in e we obtain for the Fl-terms 

{^a)e = {eb-ea)T^{DQa,DQ,). (4.6) 

Completely analogously, one can show that this formula remains true also for 
J\f = 2 open string sectors. Therefore, we would like to propose that such a 
relation between gauge threshold and one-loop corrections to Fl-terms is valid 
for general intersecting D6-brane models. Moreover, the Wilsonian part of the 
thresholds T^{D6a, D6b), which we compute in the next section, should also be 
the Wilsonian part of the correction to the Fl-terms. 



5 Wilsonian gauge kinetic function and cr-model 
anomalies 

In a supersymmetric gauge theory one can compute the running gauge couplings 
(7a(/i^) in terms of the gauge kinetic functions fa, the Kahler potential K. and the 
Kahler metrics of the charged matter fields K'^^fj.'^) [231 El El M [IB ESI [13] : 

+T{G^)liig;^fL')-J2WtndetK,(fi^), (5.1) 

r 

with 

ba = J2^rTa{r)-3T{Ga), Ca = ^rTa{r) - T {G a) (5.2) 

r r 

and Ta(r) = Tt(T^^^) (T(a) being the generators of the gauge group Ga)- In addi- 
tion, T{Ga) = Ta{a.di Ga) and is the number of multiplets in the representation 
r of the gauge group and the sums run over these representations. In this context, 
the natural cutoff scale for a field theory is the Planck scale, i.e. = Mpj. 

The left hand side of eq. (15. ip is given by eq. (13. ip . which contains the gauge 
coupling at the string scale, l/fi'a,string) 'well as the one- loop string threshold 
corrections Aq. In general, A^ is the sum of a non-holomorphic term plus the 
real-part of a holomorphic threshold correction: 

A, = A-^- + 5J(Ar). (5.3) 
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On the right hand side of eq. (15. ip . fa denotes the Wilsonian, i.e. holomorphic, 
gauge kinetic function, which is given in terms of a holomorphic tree-level function 
plus the holomorphic part of the one- loop threshold corrections (cf. eq. (12.71) ): 

fa = /r + (e-^i = Yl ^'^^i + • (5.4) 

In addition, on the right hand side of eq. (15. ip the non-holomorphic terms propor- 
tional to the Kahler metric of the moduli /C and the matter field Kahler metrics 
Kr are due to the one-loop contributions of massless fields. These fields generate 
non-local terms in the one-loop effective action, which correspond to one-loop 
non-invariances under cr-model transformations, the so-called a-model anomalies 
(Kahler and reparametrisation anomalies). 

Matching up all terms in eq. (15. ip essentially means that the cr-model anoma- 
lies can be cancelled in a two- fold way. First, by local contributions to the gauge 
coupling constant via the one- loop threshold contributions A^. These terms origi- 
nate from massive string states. The second way to cancel the a-model anomalies 
is due to a field dependent (however gauge group independent) one-loop contribu- 
tion to the Kahler potential of the chiral moduli fields. It implies that some of the 
moduli fields transform non-trivially under the Kahler transformations and also 
under reparametrisations in moduli space. The universal one-loop modification 
of the Kahler potential is nothing else than a generalised Green-Schwarz mecha- 
nism cancelling the cr-model anomalies. This is analogous to the Green-Schwarz 
mechanism which cancels anomalies of physical U{1) gauge fields, whereas the 
cr-model anomalies correspond to unphysical, composite gauge connections. Ef- 
fectively it means that the Green-Schwarz mechanism with respect to the cr-model 
anomalies can be described by a non-holomorphic, one-loop field redefinition of 
the associated tree-level moduli fields. 

As we will see, in type IIA orientifold models these field redefinitions act on 
the real parts of the dilaton field S as well as the complex structure moduli Uj: 

S 5 + 5^^(f/,T) 
Uj ^ Uj + 6^'{U,T). (5.5) 

These redefined fields are those that determine the gauge coupling constants 
l/5'a,string the String scale. Recall that, as the tree-level gauge couplings (I2.4p 
are already gauge group dependent, so are these one- loop corrections, but the 
only dependence arises due to the universal one-loop redefinition of the moduli 
fields. It is in this sense that we still call these one-loop corrections to the gauge 
couplings universal. Note that in heterotic string compactifications, the cr-model 
Green-Schwarz mechanism only acts on the heterotic dilaton field. 
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5.1 Holomorphic gauge couplings for toroidal models 

In summary, equation (15. ip is to be understood recursively, which means that one 
can insert the tree- level results into the last three terms of eq. (15. ip . In addition, 
one also has to include the universal field redefinition eq. (15. 5p in l/5'a,string 
the left hand side of eq. (15. ip . in order to get a complete matching of all terms 
in eq. (15. ip . as we will demonstrate for the aforementioned toroidal orbifold in 
the following. For M = 2 sectors the one-loop threshold corrections to the gauge 
coupling constant indeed contain a holomorphic, Wilsonian term fji \ whereas 
for M = 1 sectors only the non- holomorphic piece A°'^' is present. 

Specifically, the holomorphic gauge kinetic function can now be determined 
by comparing the string theoretical formula (13. ip for the effective gauge coupling 
with the field theoretical one (15. ip . The first thing to notice are the different 
cutoff scales appearing in the two formulas. One needs to convert one into the 
other using 

^ ocexp(204) oc (^?7i?72f/3)-5. (5.6) 



Here, 04 is the four dimensional dilaton and the complex structure moduli in the 
supergravity basis can be expressed in terms of 04 and the complex structure 
moduli ui = Ri^2/Ri,i as 



S = —e-^'^ —^ , Uj = —e-'f''J^^^, withl^J^Kj^I. (5.7) 



27r y/ui U2 Ms 27r y 

These fields are the real parts of complex scalars of four dimensional chiral mul- 
tiplets S'^ and f/f . 

As A/" = 4 super Yang-Mills theory is finite, one expects the sum of the terms 
in (13. ip proportional to T{Ga) to cancel. This is because the only chiral multiplets 
transforming in the adjoint representation of the gauge group are the open string 
moduli which (on the background considered) assemble themselves into three 
chiral multiplets, thus forming an A/" = 4 sector together with the gauge fields. 
To show that this cancellation does happen, one notices the following. Firstly, 
'T-adjoint = 3, as explained, such that there is no term in ba proportional to T{Ga)- 
Secondly, 

3 3 

K = -\n{S' + S") -Y^HUi + U]) -Y.^<T^ + T]) (5.8) 



7=1 7=1 



-2 
9a,tree 



^n^^-Ef^^^»^ j^j^ir^j, (5.9) 



1=1 1=1 



where T/ are the Kahler moduli of the torus and n^, are the wrapping numbers 
of the brane. Finally, one needs the matter metric for the open string moduli. 
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which can be obtained from the T-dual expression in models with D9- and D5- 
branes [3j. Performing the T-duahty, which essentially amounts to exchanging 
Kahler and complex structure moduli and converting gauge flux into non-trivial 



intersection angles for the D6-branes, one arrives at (J = 1,...,3)0: 



4 



TiUi 



{nl + iuj ml) (nf + iux m^) 



[nl + iui ml) 



(5.10) 



Let us now turn to the fields in the fundamental representation of the gauge 
group Gai in particular to the fields arising from the intersection with one other 
stack of branes, denoted by h. For an A/" = 1 open string sector the metric for 
these fields can be written as [311 H] (see also [35] ) 



K: 



ab 



1=1 



mbnoini+o'j 



'ab) 



r(i - e\)T{i - 9i,)n-9i^ 



(5.11) 



where a, /3, 7, ^ and C are undetermined constants. As 6*^^ > and 6^^^^ < 0, 
which is assumed in (15.111) . the intersection number is positive, implying that 

Uf = labNb. (5.12) 

Using Ta{f) = \ and relations (15.21 15.61 15.81 15.111 15.12p one finds a contribution 
to the right hand side of (15.11) proportional to 



(^n + (27 - 1) ln(TiT2T3) + (2/3 - \) \n{U,U^U^) + (2a -\)\nS 



7=1 



/=1 



ndib)ndibW + di,) 

r(i - ^^,)r(i - ei,)T{-ei 



ab) 



(5.13) 



Using (13.61) one finds that the first and the last term exactly reproduce the contri- 
bution of the last two terms in (13.11) . The terms proportional to C and ^ will later 
be shown to constitute the aforementioned universal gauge coupling correction. 
The remaining three terms can neither be attributed to such a correction nor can 
they be written as the real part of a holomorphic function. Thus they cannot be 
the one-loop correction to the gauge kinetic function and therefore must vanish. 
This fixes some of the coefficients in the ansatz (15. lip : 



a 



1 

4 



7 



(5.14) 



^ An overall factor involving the wrapping numbers was introduced in this expression in order 
to achieve full cancellation. This can be done, as the expressions used are derived only up to 
overall constants 134 . 
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The same matching of terms appears between the Mobius diagram plus the annu- 
lus with boundaries on brane a and its orientifold image and the Kahler metrics 
for fields in the symmetric and antisymmetric representation. Here, one has to 
replace and lab^b by 9^^, = 26*^ and laa'Na in (15.111) and (13.31) . Apart from 
these replacements, the Kahler metric for matter in these representations is also 
given by (15. lip with the constants a, /5, 7 given in (15.141) . 

The corrections to the gauge couplings coming from M = 2 open string sectors 
were seen in the previous section to take on quite a different form. They contain 
a term, 

-ln|r/(iT;)|^ = -4Re[lnr/(iT;)] , (5.15) 

which can be written as the real part of a holomorphic function. This leads one 
to conclude that the gauge kinetic function receives one-loop corrections from 
these sectors. Inserting the correct prefactor, which from the first term in (13.51) 
and the corresponding one in (15. ip can be seen to be proportional to the beta 
function coefficient, gives 

/« = -^^^ In r^(^T/) I^J^K^I, (5.16) 

where again / denotes the torus in which the branes lie on top of each other and 
^ab^ are the intersection numbers on the other tori. 

The term — ln(T/ V^) in (13.51) is not the real part of a holomorphic function. 
Proceeding as before, one finds that the Kahler metric for the hypermultiplet (or 
two chiral multiplets) living at an intersection of branes a and h preserving eight 
supercharges must be 

Kl= \< + '^^<\^ I^J^K^I. (5.17) 

Apart from the factor in the numerator, this is in agreement with the form found 
by direct calculations [Ml H] . The appearance of the numerator is however plau- 
sible as it also appears in the open string moduli metric and the hypermultiplets 
under discussion should feel the /'th torus in the same way. 



5.2 Universal threshold corrections 

In the following, the aforementioned "universal" gauge coupling corrections will 
be discussed. They also appear in the heterotic [13] and type I [SHI EZj string and 
are related to a redefinition of the dilaton at one-loop [9l[8]. This stems from the 
fact that the dilaton really lives in a linear multiplet rather than a chiral one. 

Our general ansatz for the Kahler metrics for the chiral matter in an A/" = 1 
sector contains a factor 

3 

Wuf^'Tj'^''^', (5.18) 
j=i 



13 



which according to (15.11) appears in the one-loop correction to the gauge couphng 
constant. Neither is this term reproduced in the string one-loop calculation of 
the coupling nor can it be written as a correction to the holomorphic gauge 
kinetic function. Therefore, as is familiar from gauge threshold computations, 
there remains the possibility that it can be absorbed into a one-loop correction 
to the S and Uj chiral superfields. In the following, we require that such a gauge 
group factor independent universal correction is possible and see how this fixes 
the parameters in flS.lSp . 

The first observation is, that in order to get something gauge group indepen- 
dent, the factor flS.lSp actually must have the following form 



j=i 



-L T 



(5.19) 



with ^' and (' independent of the brane. For the metrics of fields transforming 
in the symmetric or antisymmetric representation of the gauge group, one has 
to replace (pab = 0a - 0b by (paa' = 20a and sign{Iab) by sign{Iaa' - h; 0&) or 
sign(J(ia/ + Ia-o&)i respectively. Then one computes {K' denotes the factor (I5.18[ 
I5.19P appearing in the full Kahler metric K): 



Tair) In det K'" = In 



-rsign{/,6)0;f, j.-C'sign(/„6)e;^i 



.J=l 



.j=i 



(5.20) 



+ 



Na+2 \Iaa'-Ia;06\ 



In 



_|_ Na-2 \Iaa'+Ia;06\ 



,J=1 

3 



After a few steps, using \Iab\ sign(/af,) = lab and the tadpole cancellation condi- 
tion, this can be brought to the simple form 



J] Ta(r) In det K" 



12 3 
-^anana 



Nb mlmlml ^ $1 In Ui + (' In Tj) 



1=1 



j=i 



Y N.min^n^, ^ di (^ In U, + C In T,) 



1=1 



J ^ K J . (5.21) 



Therefore, these corrections have precisely the form required for them to be iden- 
tified with the one-loop correction between the linear superfields appearing in 
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string theory and the chiral superfields used in the supergravity description 



1 ^ 
5^ = S- — Y,NbmlmlmlY,<Pi{einUj + C\nTi) 



b 1=1 

3 



J ^K^L^J. (5.22) 



87r2 

b 1=1 



In contrast to eq. (15. 9p . where the tree-level gauge couplings are determined, the 
one-loop gauge couplings at the string scale have to include the redefined fields 
and U^: 



9aitrin, = H " E ^^'a^a ■ (5.23) 

/=1 1=1 



In contrast to all (to us) known cases studied in the literature, for ^' 7^ the 
fields which are corrected, i.e. the moduli S and Ui, also appear in the one-loop 
redefinition. Let us propose an argument, why such corrections might be expected 
to be absent: Due to the anomalous U{1) gauge symmetries, the chiral superfields 
S and Uj participate in the Green-Schwarz mechanism and therefore transform 
non-trivially under f/(l) gauge transformations. This implies that, in order to 
be gauge invariant, the one-loop corrections in (15.221) proportional to InUj must 
be extended in the usual way by Uj Uj + SQ^Va- Computing the resulting 
Fl-terms via the supergravity formula ia/'^gl = dK / dVa\va=o gives, besides the 
tree-level result depending on ,Uj , a one- loop contribution proportional to 
i' ^b^f^ (pb I^J- This has an extra dependence on the complex structure moduh 
Ui. However, for intersecting D6-branes, we have seen that the Wilsonian (super- 
gravity) FI- Terms are proportional to the Wilsonian gauge threshold corrections, 
which depend only on the Kahler moduli via instanton corrections (for M = 1 
sectors they are even vanishing in the setup at hand). This seems to suggest that 
there should better be no UJ^' dependence in the matter field Kahler metrics, 
i.e. = 0. 

Moreover, in analogy to the heterotic string we expect that for the range 
— 1 < < 1 the exponent of Tj runs over the range [—1,0]. This condition 
would fix C' = ±1/2. 

Let us summarise the conclusions we have drawn from requiring holomorphy 
of the Wilsonian gauge kinetic function. First, we provided arguments that the 
Kahler metric for A/" = 1 chiral matter fields in intersecting D6-brane models is 
of the following form 



j=i 




r^ab _ e TT rr-i ^-(§±1 sign(/.,) .;f,) / r(g^jr(ggjr(l + ggj 
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where supersymmetry of course requires Yl^i=i ^ib ~ 0- Second, the holomorphic 
gauge kinetic function (on the background considered) only receives corrections 
from Af = 2 open string sectors and the one-loop correction takes on the following 
form 

j\T I tJ jK I 

/i'^ = -E^l^ I^J^K^I, (5.25) 

b 

where the sum only runs over branes h which lie on top of brane a in exactly one 
torus, denoted by /. Therefore, the results for the gauge threshold corrections and 
the matter field Kahler metrics are consistent both with the non-renormalisation 
theorem from section [2] and the Kaplunovsky-Louis formula (15.11) . Clearly, it 
would be interesting, along the lines of [34J to carry out a string amplitude com- 
putation to fix the free coefficient in the ansatz (15.111) and see whether our indirect 
arguments are correct. 

6 Holomorphic E2-instanton amplitudes 

Space-time instantons are given also by D-branes, which in this case are Euclidean 
D2-branes (so-called E2-branes) wrapping three-cycles S in the Calabi-Yau, so 
that they are point-like in four-dimensional Minkowski space. Such instantons 
can contribute to the holomorphic superpotential and gauge kinetic functions only 
if they preserve half of the M = 1 supersymmetry. This means that the instanton 
measure must contain a factor d'^x(P9. Let us first clarify an important aspect 
of this half-BPS condition. In the second part of this section we then revisit 
the computation of contributions of such instantons to the superpotential and 
also clarify some issues concerned with the appearing one-loop determinants. In 
the third and fourth part, we investigate under which conditions such string 
instantons can also contribute to the gauge kinetic functions and Fl-terms. 

6.1 Half-BPS instantons 

As has been explained in pH [T8t [20] . just wrapping an E2- instanton around a 
rigid sLag three-cycle in the Calabi-Yau gives four bosonic and four fermionic 
zero modes. The vertex operators for the latter are 

Vt'''\z) = e-^(z) S\z) S,=|,,= 3(.) (6.1) 

and 

y_(-i/2)(^) = S^z) S,=|,,=_|(.) . (6.2) 

Therefore, if the instanton is not invariant under the orientifold projection, one 
still has four instead of the desired two fermionic zero modes. Thus, only by 
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placing the E2-brane in a position invariant under fia does one have a chance 
to get rid of the two additional zero modes 9. For so called 0{n) instantons one 
can see that the zero modes x^, 6 are symmetrised and the mode 6 gets anti- 
symmetrised. For the opposite projection, i.e. for U Sp{2n) instantons, the zero 
modes x^, 9 are anti-symmetrised and the mode 9 gets symmetrised. Therefore, 
one can only get the simple d^x d?9 instanton measure for a single 0(1) instanton. 



6.2 Superpotential contributions 

In order to contribute to the superpotential, we also require that there do not 
arise any further zero modes from E2-E2 open strings, so that the three-cycle 
S should be rigid, i.e. = 0. Therefore, considering an E2- instanton in an 

intersecting brane configuration, additional zero modes can only arise from the 
intersection of the instanton S with D6-branes Hq. There are Na^C\ T{a\^ chiral 
fermionic zero modes Xaj and Na [S fl I\-a\~ anti-chiral ones, j,§ 

For its presentation it is useful to introduce the short-hand notation 

^akfiji^k] = ^ak,XkA ' ^Xk,l,Xk,2 ' ^Xk^2,Xk,3 ' ■ ■ ■ ' ^Xk,n-l,Xk.n ' ^Xf,^n(k)fik (6-3) 

for the chain-product of open string vertex operators. Here we define $afc,fefe[0] = 

^ak,bk- 

To extract the superpotential, one can probe it by evaluating an appropriate 
matter field correlator in the instanton background. The CFT allows one to 
compute it in physical normalisation which combines the superpotential part Y 
with the matter field Kahler metrics like 

f Y 

{^a,M ■■■■■ $a„,6M)i?2-inst = ^^^^ito^^^^. (6.4) 



<lM,bM 



In [13] a general expression for the single E2-instanton contribution to the 
charged matter superpotential was proposed involving the evaluation of the fol- 
lowing zero mode integral over disc and one-loop open string CFT amplitudes 

{^a.M ■■■■■ ^a..H.)E2 = ^ / d'x£9 UMiT'^^ d^) {jf^^ d^) 

conf. 

exp(-^^2) exp {Z',{E2)) {^a.Ml^i]) x^^x, ■■■■■ ($a„6, [5^l])a.„a,, • (6.5) 



For simplicity, we do not consider the case that matter fields are also assigned 
to string loop diagrams. The one-loop contributions are annulus diagrams for 

^Here we introduced the physical intersection number between two branes IIq n lib, which 
is the sum of positive [Ha Hi,]^ and negative [Ha H IlbJ^ intersections. 
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open strings with one boundary on the E2-instanton and the other boundary on 
the various D6-branes and Mobius diagrams with boundary on the E2-instanton 

(l)i-'°°P = Z',{E2) = Z'^iE2a, D65) + Z''\E2a, 06) . (6.6) 

Here Z' means that we only sum over the massive open string states in the 
loop amplitude, as the zero modes are taken care of explicitly. It was shown 
that these instantonic open string loop diagrams are identical to the one-loop 
threshold corrections T'^(D6a, 06;,). Diagrammatically we have the intriguing 
relation shown in figure[T]and in figureE], which holds for the even spin structureqj- 




Figure 1: Relation between instantonic one- loop amplitudes and corresponding gauge 
threshold corrections 




Figure 2: Relation between instantonic Mobius amplitude and corresponding gauge 
threshold corrections 

The annulus threshold corrections can be computed, leading to 



Z^(E2.,D6,)= / f (6-7) 



and the Mobius strip amplitude for the instanton, which as we explained must 
be invariant under the orientifold projection, yields 

.00,, ^"[3(^^ + 1) 

Z^(E2.,06) = ±/ f (-1)^^"^"^ sV.^i^ + (6-8) 



^Thc contribution of the CP-odd R sector is expected to yield corrections to the 6'-angle. 
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The overall plus sign is for 0(1) instantons, reflecting the fact that only for these 
the Xfj, and 9a zero modes survive the orientifold projection. Note that up to the 
argument, the Mobius thresholds are Z^(E2a, D6a). Therefore, for rigid branes 
the massless sector reflects the number of four bosonic and two fermionic zero 
modes. In section [631 we will discuss the number of zero modes if fci(S) > 0. All 
these stringy threshold corrections are known to be non-holomorphic. Therefore, 
it is not immediately obvious in which sense the expression (16. 5p is meant and 
how one can extract the holomorphic superpotential part Y from it. 

The CFT disc amplitudes in (16. 5p are also not holomorphic but combine 
non-holomorphic Kahler potential contributions and holomorphic superpotential 
contributions in the usual way [381 ESI HHl IH] : 

If 

e^Y - 



Due to the Kaplunovsky-Louis formula (15. ip . the stringy one-loop amplitudes are 
known to include the holomorphic Wilsonian part and contributions from wave- 
function normalisation. Applied to the instanton one-loop amplitudes appearing 
in Zo{E2a), we write 

Z„(£;2J = _8i=»(/»))-|l„(^^) (6,11) 

-'"(7) +E^'"[de"^-°'].-. 

\ys / tree >, ^ 



where for the brane and instanton configuration in question the coefficients are 
6„ = ^lZ=^-3, c. = E^-l. (6.12) 

b b 

The constant contributions arise from the Mobius amplitude. Inserting (16. 9p and 
(16. lip in (16. Sp . one realises that the Kahler metrics involving an instanton zero 
mode and a matter field precisely cancel out, so that only the matter metrics 
survive, as required by the general form (16. 4p . Moreover, the term exp(/C/2) 
comes out just right due to the rule that each disc contains precisely two instanton 
zero modes. The holomorphic piece in (16. 4p can therefore be expressed entirely 
in terms of other holomorphic quantities like holomorphic Yukawa couplings, 
the holomorphic instanton action and the one-loop holomorphic Wilsonian gauge 
kinetic function on the E2-brane: 

= Yl Sig'^conf exp(-5iJ2)tree CXp (-/i^^) 
conf. 
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This explicitly shows that knowing the tree-level Kahler potentials, computing 
the matter field correlator in the instanton background up to one-loop level in 
is sufficient to deduce the Wilsonian holomorphic instanton generated super- 
potential. Higher order corrections in Qg only come from loop corrections to the 
Kahler potentials. 

6.3 Instanton corrections to the gauge kinetic functions 

So far we have discussed space-time instanton corrections to the superpotential. 
These involved one-loop determinants, which arc given by annulus vacuum di- 
agrams with at least one E2 boundary. These are related to one-loop gauge 
threshold corrections to the gauge theory on a D6-brane wrapping the same cycle 
as the E2 instanton. 

Now wc can ask what other corrections these space-time instantons can induce. 
By applying S- and T-dualities to the story of world-sheet instanton corrections 
in the heterotic string, we expect that there can also be E2-mstanton corrections 
to the holomorphic gauge kinetic functions. In the heterotic case, similar to the 
topological Type II string, such corrections arise from string world-sheets of Euler 
characteristic zero, i.e. here from world-sheets with two boundaries. Therefore, 
we expect such corrections to appear for E2-instantons admitting one complex 
open string modulus, i.e. those wrapping a three-cycle with Betti number 61 (5) = 
1. 

Let us start by discussing the instanton zero mode structure for such a cycle. 
First let us provide the form of the vertex operators. The bosonic fields in the 
(— 1) ghost picture are 

V^-'\z)^ye-^^^^T.,^.^^^^,{z) (6.14) 

which, before the orientifold projection, are accompanied by the two pairs of 
fermionic zero modes 

Vt"'\^) = y^o. S'^iz) S,= 3,^_i(z) (6.15) 

and 

Vi-"'\z) = 71, e-^ S\z) ^n=U=^i^) ■ (6-16) 

Now one has to distinguish two cases depending on how the anti-holomorphic 
involution a acts on the open string modulus Y 

a:y^±y. (6.17) 

In the case that y is invariant under a, called first kind in the following, the 
orientifold projection acts in the same way as for the 4D fields X^, i.e. the 
two bosonic zero modes y and the two fermionic zero modes JI survive. In the 
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other case, dubbed second kind, the bosonic zero mode is projected out and 
only the fermionic moduhno zero mode n survive^. Therefore, in the absence of 
any additional zero modes, for instance from E2-D6 intersections, the zero mode 
measure in any instanton amplitude assumes the following form 



j d\ d^e d^y d^Ji e'^^^ ioi a : 



y 



and 



j d^x d'^e d^fx _ _ _ ^ for ^ : ?/ ^ -7/. 

As an example consider the set-up in figure [3] with a : yi 



(6.18) 

(6.19) 
—yi. Here the 



1 




E2 








06 



■ Z^7 



1 



X3 



Figure 3: Deformations of an instanton which is invariant under the orientifold pro- 
jection 

deformations Axi^2 are of the first kind and Ay^ is of the second kind. 

Now, it is clear that an instanton with precisely one set of fermionic zero 
modes of the second kind and no additional zero modes can generate a correction 
to the SU{Na) gauge kinetic function. The instanton amplitude takes on the 
following form 

{Fa{pi)Fa{p2))E2 = J d'^xd^Od^^i exp{-SE2) exp (Z^(E2)) Ap2{E2,D6a) 

where Ap2[E2, D6a) is the annulus diagram in figure HJ which absorbs all the 
appearing fermionic zero modes and where the gauge boson vertex operators in 
the (O)-ghost picture have the usual form 

Vf{z) = {d^X{z) + i{p ■ ilj) ij^{z)) e^P-^(^). (6.20) 

^By duality, this distinction is related to the two kinds of deformations of genus g curves 
studied in [42] . The first kind are the curves moving in families, i.e. transversal deformation 
of the curve. The second kind is related to the deformations coming with the genus g of the 
curve. 
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Figure 4: Annulus diagram for E2-instanton correction to fa- The upper indices 
give the ghost number of the vertex operators. 

Analogous to world-sheet instantons, these diagrams can be generalised to 
multi tr(iy^)^ couplings. Just from the zero mode counting one immediately sees 
that they can be generated by E2-instantons with h sets of complex deformation 
zero modes of the second kind and no other additional zero modes. Then, be- 
sides the annulus diagram in figure HI there are h — 1 similar diagrams. On the 
D6a brane one inserts two gauginos in the (+1/2) ghost picture and on the E2 
boundary two fi modulinos in the (—1/2) ghost picture. Clearly, once the internal 
M = 2 superconformal field theory is known, as for toroidal orbifolds or Gepner 
models, these annulus diagrams can be computed explicitly. They involve up to 
four-point functions of vertex operators on an annulus world-sheet with the two 
boundaries on the E2 and the D6a brane. Very similar to the M = 2 open string 
sectors for loop-corrections to /a, one expects these instanton diagrams to also 
contain a sum over world-sheet instantons. Therefore, the generic E2-instanton 
contribution to the holomorphic gauge kinetic functions has the moduli depen- 
dence rP(e-^/,e-^'). 

6.4 Instanton corrections to the Fl-terms 

Having shown that E2-instanton corrections to the gauge couplings are possible, 
it is natural to investigate whether such instantons also contribute to the Fl-terms 
for the f/(l) gauge symmetries on the D6-branes. As we have seen in section HJ at 
the one-loop level the contributions to the gauge couplings and to the Fl-terms 
have the same functional form. 

Assume now that, as in the last section, in the background with intersecting 
D6-branes we can find an E2-instanton with only two 9 fermionic zero modes and 
two additional fermionic zero modes related to a deformation of the E2. If now 
similar to the D6-branes we could break supersymmetry on the E2-branes by a 
slight deformation of the complex structure, then we would expect four 6'-like, 
four /i-like and two y-like zero modes. As shown in figure O these could generate 
an Fl-term on the D6-branes. However, since the E2-brane must be invariant, 
i.e. an 0(1) instanton, under the orientifold projection, a complex structure 
deformation does not necessarily break supersymmetry on the E2-instanton. In 
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this case, the analogous situation to the one-loop D6-brane generation of the 
Fl-term cannot happen. 

However, there is another mechanism to generate an Fl-term on the E2- 
instanton, namely by turning on the J„ C3 modulus through the three-cycle the 
E2-instanton is wrapping. This also appears in the (generalised) calibration con- 
dition [IHl m] for supersymmetry on the E2-brane. Therefore, it is possible that 
the one-loop diagram in figure [5] indeed generates an Fl-term on the D6a brane 
once the C3 flux through the E2 is non-zero. 




Figure 5: Annulus diagram for E2-instanton correction to ^a- The upper indices 
give the ghost number of the vertex operators. 

Here we will leave a further study of the concrete instanton amplitudes for g~'^ 
and and their relation for future work and conclude that just from fermionic 
zero mode counting, we have evidence that E2-instanton corrections to both the 
gauge kinetic functions and the Fl-terms are likely to appear. 

7 Conclusions 

In this paper we have investigated a number of aspects related to loop and D- 
brane instanton corrections to intersecting D6-brane models in Type HA orien- 
tifolds. In particular, we have revisited the computation of one-loop corrections 
to the Fl-terms. 

Using results for the gauge threshold corrections in intersecting D6-brane 
models on a toroidal orientifold, we explicitly computed the Wilsonian holomor- 
phic gauge coupling in this setup. On the way, exploiting holomorphy and the 
Shifman-Vainshtein, respectively Kaplunovsky-Louis formula, it was possible to 
constrain the form of the matter field Kahler metrics. In the second part, we 
discussed E2-brane instanton corrections to the superpotential, the gauge kinetic 
function and the Fl-terms. For the first, we showed in which sense one can extract 
the form of the holomorphic superpotential from a superconformal field theory 
correlation function of matter fields in the E2-instanton background. 

Moreover, we showed that E2-instantons wrapping a three-cycle which has 
precisely one complex deformation and no matter zero modes, can in principle 
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contribute to the gauge kinetic function for a gauge theory on a stack of D6- 
branes. By turning on the R-R three-form modulus, also instanton corrections 
to the Fl-terms become possible. A more detailed investigation of the appearing 
annulus diagrams is necessary to eventually establish the appearance of these 
instanton corrections, but our first steps indicate that such corrections are indeed 
present in A/" = 1 D-brane vacua. 



Acknowledgements 

We would like to thank Emilian Dudas, Michael Haack, Sebastian Moster, 
Erik Plauschinn, Stephan Stieberger, Angel Uranga and Timo Weigand for in- 
teresting discussions. This work is supported in part by the European Com- 
munity's Human Potential Programme under contract MRTN-CT-2004-005104 
'Constituents, fundamental forces and symmetries of the universe'. 



24 



References 



[1] A. M. Uranga, "Chiral four- dimensional string compactifications with 
intersecting D-branes," Class. Quant. Grav. 20 (2003) S373-S394, 
,hep-th/0301032, 

[2] D. Liist, "Intersecting brane worlds: A path to the standard model?," 
Class. Quant. Crav. 21 (2004) S1399-1424, |hep-th/0401156[ 

[3] R. Blumenhagen, M. Cvetic, P. Langacker, and G. Shiu, "Toward realistic 
intersecting D-brane models," Ann. Rev. Nucl. Part. Sci. 55 (2005) 
71-139, |hep-th/0502005t 

[4] R. Blumenhagen, B. Kors, D. Liist, and S. Stieberger, "Four-dimensional 
string compactifications with D-branes, orientifolds and fiuxes," 
|hep-th/0610327( 

[5] D. Liist and S. Stieberger, "Gauge threshold corrections in intersecting 



brane world models," hep-th/0302221 



[6] N. Akerblom, R. Blumenhagen, D. Liist, and M. Schmidt-Sommerfeld, 
"Thresholds for Intersecting D-branes Revisited," 
[arXiv: 0705 .2150 [hep-th] | 

[7] A. Lawrence and J. McGreevy, "D-terms and D-strings in open string 
models," JHEP 10 (2004) 056, |hep-th/0409284| 

[8] J. P. Derendinger, S. Ferrara, C. Kounnas, and F. Zwirner, "On loop 
corrections to string effective field theories: Field dependent gauge 
couplings and sigma model anomalies," Nucl. Phys. B372 (1992) 145-188. 

[9] J.-P. Derendinger, S. Ferrara, C. Kounnas, and F. Zwirner, "All loop gauge 
couplings from anomaly cancellation in string effective theories," Phys. 
Lett. B271 (1991) 307-313. 

[10] G. Lopes Cardoso and B. A. Ovrut, "A Green-Schwarz mechanism for D = 
4, N=l supergravity anomalies," Nucl. Phys. B369 (1992) 351-372. 

[11] L. E. Ibanez and D. Liist, "Duality anomaly cancellation, minimal string 
unification and the effective low-energy Lagrangian of 4-D strings," Nucl. 
Phys. B382 (1992) 305-364, |hep-th/92020l6l 

[12] V. Kaplunovsky and J. Louis, "Field dependent gauge couplings in locally 
supersymmetric effective quantum field theories," Nucl. Phys. B422 (1994) 
57-124, |hep-t h/94~02'005[ 



25 



[13] V. Kaplunovsky and J. Louis, "On Gauge couplings in string theory," 
Nucl. Phys. ^4.4.4. (1995) 191-244, hep-th/9502077. 

[14] R. Blumenhagen, M. Cvetic, and T. Weigand, "Spacetime instanton 
corrections in 4D string vacua - the seesaw mechanism for D-brane 
models," Nucl. Phys. B771 (2007) 113-142, hep-t h/060 919l] 

[15] L. E. Ibanez and A. M. Uranga, "Neutrino Majorana masses from string 
theory instanton effects," JHEP 03 (2007) 052, hep-th/0609213, 

[16] M. Haack, D. Krefl, D. Liist, A. Van Proeyen, and M. Zagermann, 

"Gaugino condensates and D-terms from D7-branes," JHEP 01 (2007) 078, 
hep-th/0609211 . 

[17] S. A. Abel and M. D. Goodsell, "Realistic Yukawa couplings through 
instantons in intersecting brane worlds," |hep-th/0612110( 

[18] M. Bianchi, F. Fucito, and J. F. Morales, "D-brane Instantons on the 



T6/Z3 orientifold," larXiv: 0704. 0784 [hep-th] 



[19] M. Cvetic, R. Richter, and T. Weigand, "Computation of D-brane 

instanton induced superpotential couplings: Majorana masses from string 
theory," |hep-th/0703028^ 

[20] L. E. Ibanez, A. N. Schellekens, and A. M. Uranga, "Instanton Induced 
Neutrino Majorana Masses in CFT Orientifolds with MSSM-like spectra," 
larXiv: 0704 .1079 [hep-th] ^ 

[21] M. Billo et ai, "Classical gauge instantons from open strings," JHEP 02 



(2003) 045, |hep-th/0211250[ 



[22] B. Florea, S. Kachru, J. McGreevy, and N. Saulina, "Stringy instantons 



and quiver gauge theories," hep-th/0610003 



[23] N. Akerblom, R. Blumenhagen, D. Liist, E. Plauschinn, and 

M. Schmidt-Sommerfeld, "Non-perturbative SQCD Superpotentials from 



String Instantons," |hep-th/0612132 



[24] R. Argurio, M. Bertolini, G. Ferretti, A. Lerda, and C. Petersson, "Stringy 



Instantons at Orbifold Singularities," arXiv : 0704 .0262 [hep-th] 



[25] M. Bianchi and E. Kiritsis, "Non-perturbative and Flux superpotentials for 
Type I strings on the Z3 orbifold," hep-th/0702015l 

[26] M. Bianchi, S. Kovacs, and G. Rossi, "Instantons and supersymmetry," 
ihep-th/0703142, 



26 



E. Witten, "World-sheet corrections via D-instantons," JHEP 02 (2000) 
030, hep-th/9907041. 

M. B. Green and M. Gutperle, "Effects of D-instantons," Nucl. Phys. 
B498 (1997) 195-227, ,hep-th/9701093, 



M. Gutperle, "Aspects of D-instantons," hep-th/9712156 



P. Anastasopoulos, M. Bianchi, G. Sarkissian, and Y. S. Stanev, "On gauge 
couplings and thresholds in type I gepner models and otherwise," JHEP 03 



(2007) 059, hep-th/06 12234 



E. Poppitz, "On the one loop Fayet-Iliopoulos term in chiral four 
dimensional type I orbifolds," Nucl. Phys. B542 (1999) 31-44, 
[Eep-th/9810010f 

P. Bain and M. Berg, "Effective action of matter fields in four-dimensional 
string orientifolds," JHEP 04 (2000) 013, |hep-th7 0003185| 



M. A. Shifman and A. I. Vainshtein, "Solution of the anomaly puzzle in 
susy gauge theories and the Wilson operator expansion," Nucl. Phys. B277 
(1986) 456. 

D. Liist, P. Mayr, R. Richter, and S. Stieberger, "Scattering of gauge, 
matter, and moduli fields from intersecting branes," Nucl. Phys. B696 
(2004) 205-250, hep-th/0404T34, 

B. Kors and P. Nath, "Effective action and soft supersymmetry breaking 
for intersecting D-brane models," Nucl. Phys. B681 (2004) 77-119, 



hep-th/0309167t 



I. Antoniadis, C. Bachas, and E. Dudas, "Gauge couplings in 

four- dimensional type I string orbifolds," Nucl. Phys. B560 (1999) 93-134, 



hep-th/9906039f 



M. Berg, M. Haack, and B. Kors, "Loop corrections to volume moduli and 
inflation in string theory," Phys. Rev. D71 (2005) 026005, 



hep-th/0404087t 



D. Cremades, L. E. Ibanez, and F. Marchesano, "Yukawa couplings in 
intersecting D-brane models," JHEP 07 (2003) 038, |hep-t h/0302105[ 



M. Cvetic and I. Papadimitriou, "Conformal field theory couplings for 
intersecting D- branes on orientifolds," Phys. Rev. D68 (2003) 046001, 
hep-t h/0303083| 



27 



[40] S. A. Abel and A. W. Owen, "Interactions in intersecting brane models," 
Nucl. Phys. B663 (2003) 197-214, hep-th/0303124. 



[41] D. Cremades, L. E. Ibanez, and F. Marchesano, "Computing Yukawa 
couplings from magnetized extra dimensions," JHEP 05 (2004) 079, 
hep -th/0404229. 

[42] C. Beasley and E. Witten, "New instanton effects in string theory," JHEP 
02 (2006) 060, hep-th/0512039,, 

[43] J. Gutowski, G. Papadopoulos, and P. K. Townsend, "Supersymmetry and 
generalized calibrations," Phys. Rev. D60 (1999) 106006, hep-th/9905156, 

[44] F. Gmeiner and F. Witt, "Calibrated cycles and T-duality," 
[math.dg/060 5710| 



28 



